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Abstract Transportation agencies are increasingly

incorporating reclaimed asphalt pavement (RAP) in

asphalt mixtures due to the scarcity and increased

costs of virgin resources. The usage of RAP brings

both economic as well as environmental benefits.

Nonetheless, because RAP is an aged, stiff, and brittle

material, utilizing it in large quantities can make the

pavement more prone to cracking and reduce its

service life. Recycling agents (rejuvenators) are

additives typically applied to partially restore the

properties of aged asphalt binders and facilitate using

higher RAP contents. While considerable effort has

been made on evaluating the influences of recycling

agents on asphalt binders’ performance, the rejuvena-

tion mechanisms of recycling agents have not yet been

thoroughly examined. This study’s objective was to

evaluate the influence of various types of recycling

agents on the properties of asphalt binder blends

containing 50% RAP binder. The oxidative stability of

the recycling agents and rejuvenated binder blends

was evaluated utilizing thermogravimetric analysis

(TGA). The glass transition region and the compati-

bility of the binder blends were assessed using

differential scanning calorimetry (DSC). Finally,

atomic force microscopy (AFM) experiments were

conducted to study the mechanisms of the recycling

agents at the nanoscale level. The results revealed a

relationship between the phases detected in the

microstructure and the physical characteristics of the

binder blends. DSC analysis showed that after the

inclusion of recycling agents, the breadth and temper-

ature of the glass transition region were reduced,

indicating the formation of a less brittle material. AFM

observations showed that the dispersion of the polar

molecular associations in the RAP binder correlated

with the changes in the glass transition region as

measured using the DSC. The study’s findings were

used to characterize the effectiveness of recycling

agents based on the thermal, microstructural, and

rheological properties of rejuvenated binder blends to

help explain the mechanisms of recycling agents.
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1 Introduction

It is commonly recognized that utilizing reclaimed

asphalt pavement (RAP) in asphalt mixtures saves

natural resources and reduces construction costs.

However, RAP is an aged material and thus using it

at high amounts may increase the brittleness of the

asphalt mixture and reduce its cracking resistance.

Recycling agents can facilitate the greater use of RAP

in the construction of asphalt pavements. Significant

efforts have been made to characterize the impacts of

recycling agents on the performance of asphalt binders

through rheological, microscopic, and physiochemical

approaches [1–9]. Nonetheless, the mechanisms by

which recycling agents affect properties of recycled

materials are still not well explored.

To understand the influence of recycling agents on

the properties of asphalt binders, it is important to first

understand the mechanisms of asphalt binder aging.

Asphalt binders are composed of a large number of

organic molecules with different molecular weights

[10, 11]. These organic molecules can be divided into

high polarity (asphaltene) and low polarity (maltene)

groups. With aging, new polar molecules are formed

due to oxidation process. These polar molecules tend

to form intermolecular associations through polar-to-

polar interactions. This process can lead to an increase

in the viscosity, stiffness, and brittleness of asphalt

binders [12, 13]. The inclusion of recycling agents can

reverse the effect of aging by restoring the ratio

between the polar and non-polar groups [14].

The influence of recycling agents on the rheological

properties of asphalt binders have been investigated in

many previous studies. For instance, Elkashef et al.

employed the dynamic shear rheometer (DSR) to

evaluate the properties of a RAP binder before and

after the addition of a soybean oil recycling agent [15].

Their results showed that the addition of the recycling

agent reduced the complex modulus and increased the

phase angle, which was considered as an indication of

the ability of the recycling agent to reverse the effect

of aging. Other studies [4, 16] evaluated the rheolog-

ical properties of rejuvenated asphalt binders based on

the Glover Rowe (G-R) parameter and reported that

the inclusion of recycling gents reduced the G-R value

denoting an improvement in asphalt binder’s ductility.

Thermal characterization tools such as thermo-

gravimetric analysis (TGA) and differential scanning

calorimetry (DSC) have been previously employed to

study the properties of recycling agents and rejuve-

nated asphalt binders [6, 9, 17–19]. TGA is a technique

that measures the weight of a material with the change

in temperature. It can be used to assess the thermal and

oxidative stability of recycling agents and rejuvenated

binder blends (blends of virgin binder, recycled binder

and recycling agent). DSC is a thermal analysis tool

that assesses the heat capacity of a material with the

change in temperature. DSC scans can be used to

measure the glass transition of a material and detect

phase changes. Although conventional DSC is useful

for analyzing transitions in a wide range of materials,

challenges in the interpretation of heat flow results

often arise [13]. This is due to the inability of

conventional DSC to separate overlapping transitions

that occur in the same temperature range, which makes

it hard to identify and analyze the nature of transitions

occurring in a material (e.g., glass transition and

melting transition). These limitations can be overcome

with the use of modulated differential scanning

calorimetry (MDSC). In the MDSC, the signal is

divided into two parts: reversible signal and non-

reversible signal. The reversible signal is used to

identify the glass transition region whereas the non-

reversible signal is used to identify the melting

transition region. The separation of signals in the

MDSC enables for accurate detection of the vari-

ous transitions [20].

Previous research has demonstrated that adding

recycled materials to asphalt binders raises the glass

transition temperature (Tg) [17, 21], which increases

the cracking susceptibility, while adding recycling

agents has the reverse effect. Garcia Cucalon et al.

carried out MDSC analysis to evaluate Tg of rejuve-

nated binder blends [17]. Two types of recycling

agents were employed in their study: tall oil and

aromatic extract. Adding recycling agents decreased

the Tg of the binder blends, indicating a more desirable

and less brittle material. Similar results were reported

by Elkashef et al. who also employed the MDSC and

TGA to evaluate the properties of bio-based recycling

agents and rejuvenated binder blends with 100% RAP

content. Their results signified that the Tg of the RAP
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binder was reduced after the inclusion of recycling

agents, demonstrating that recycling agents can mit-

igate the brittleness of recycled binder [19]. The

oxidative stability of rejuvenated binder blends varied

depending on recycling agent type.

A recycling agent of a proper type and at a sufficient

dose should not only reduce the stiffness and brittle-

ness of an aged asphalt binder, but also improve the

homogeneity of the final binder blend. Homogeneity

depends on the compatibility and interaction/ blending

between the recycling agent and virgin and RAP

binders. MDSC can be used to assess the compatibility

of a binder blend by investigating the glass transition

region. Compatible blends typically exhibit a single

glass transition region, whereas incompatible blends

may exhibit two different glass transitions in which

one of them corresponds to the binder and the other

corresponds to the recycling agent [17, 22].

The use of microscopic tools such as the atomic

force microscopy (AFM) is also useful to provide

information on the homogeneity of a material at the

nanoscale level. AFM is a non-destructive imaging

technique that utilizes a sharp tip to measure the

morphology and nanomechanical properties of mate-

rials. PeakForce quantitative nanomechanical map-

ping (PFQNM) is one of the most frequent modes used

in AFM. This mode can characterize both the

microstructural distribution of a material as well as

the nanomechanical properties (modulus, energy dis-

sipation and adhesion). The PFQNM mode has been

utilized in various studies to investigate the charac-

teristics of rejuvenated binder blends [23–26]. A few

studies also employed this mode to study the distri-

bution of modulus before and after the incorporation

of recycling agents [8, 27] and reported a narrower

range of modulus after rejuvenation indicating the

formation of a more homogeneous material.

In addition to the tools discussed above, other

techniques including Fourier transform infrared

(FTIR) spectroscopy, small angle neutron (SANS)

and x-ray scattering (SAXS) have also been applied

previously to understand the effect of aging and

rejuvenation on the properties of asphalt binders at the

molecular level [28, 29].

This study’s objective is to evaluate the thermal,

microscopic, and rheological properties of rejuvenated

binder blends prepared using various types of bio-

based and petroleum-based recycling agents at 50%

RAP content. DSR experiments were conducted to

characterize the rheological properties of the binder

blends. TGA and MDSC tests were carried out to

characterize the thermal properties of the recycling

agents and rejuvenated binder blends and to evaluate

the compatibility of the blends. AFM experiments

were conducted to study the effect of recycling agents

on the microstructural and nanomechanical properties

of the binder blends. Finally, the results of the study

were used to examine relationships between thermal,

microstructural, nanomechanical and rheological

properties to help explain the mechanisms of recycling

agents.

2 Materials and methods

This study incorporated materials from a Delaware

(DE) field project affiliated with National Cooperative

Highway Research Program (NCHRP) Project 09-58

[24, 30, 31]. A summary of the materials is provided in

Table 1. The recycled control (RC) and rejuvenated

binder blends included 50% RAP. The RAP binder

was obtained through extraction and recovery using

trichloroethylene solvent following ASTMD2172 and

ASTM D5404 standard test methods. A virgin binder

(VB) with performance grade (PG) 64–28 was used in

preparing all blends. Five unique types of recycling

agents were used to prepare the rejuvenated binder

blends including three bio-based products (veg-

etable oil (VO), tall oil (TO), and bio-oil (BO)) and

two petroleum-based products (aromatic extract (AE)

and paraffinic oil (PO)). Recycling agent dose was

established by matching the binder blend’s continuous

high-temperature PG (PGH) to the value required by

climate and traffic conditions [32]. Rejuvenated binder

blends were prepared by first combining the VB with

the recycling agent at the desired dose and heating

them in the oven for one minute, followed by the

addition of the heated RAP binder. All components

were blended together at a high temperature (160 �C)
for one minute to produce a homogeneous blend.

Prepared binder blends were aged in the rolling thin

film oven (RTFO) to simulate short-term aging

(AASHTO T 240) due to production and construction

followed by 20-h and 40-h in the Pressure Aging

Vessel (PAV) at 100 �C to simulate long-term field

aging (AASHTO R 28).

Figure 1 summarizes the experimental methods

performed in this study.
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2.1 Rheological characterization

DSR experiments were performed to assess the

rheological properties of the aged binder blends.

Frequency sweeps were performed at temperatures of

5�, 15�, and 25 �C with six frequencies per decade in

the range of 0.1 to 100 rad/s [31]. Results were used to

create master curves using RHEATM software. These

master curves were then used to calculate the G-R

parameter at a temperature of 15 �C and frequency of

0.005 rad/ sec and based on Eq. 1.

Table 1 Binder blends

prepared in this study
Binder blend RAP content (%) Recycling agent type Recycling agent dose (%)

Virgin Binder (VB) 0 – –

Recycled Control (RC) 50 – –

Rej-VO 50 Vegetable oil (VO) 9

Rej-BO 50 Bio oil (BO) 8

Rej-TO 50 Tall oil (TO) 8.5

Rej-AE 50 Aromatic extract (AE) 13.5

Rej-PO 50 Paraffinic oil (PO) 11

Fig. 1 Material preparation and methods (created with Biorender.com)
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G� R ¼ G�ðcosdÞ2

sin d
ð1Þ

where G* represents dynamic shear modulus and d
represents phase angle.

G-R is a rheological parameter that measures the

stiffness and embrittlement of asphalt binders. A

higher G-R parameter is an indication of a stiffer and

more brittle asphalt binder. Previous research has tied

this parameter to field performance through ductility

tests [33, 34].

2.2 Thermal characterization

A TGA (TA 5500) was used to measure decomposi-

tion temperatures of the recycling agents and unaged

binder blends. The experimental procedure involved

calibrating the balance, then placing a small amount of

the sample (2–8 mg) in a Platinum—HT pan. This pan

type can withstand temperatures up to 1000 �C. An
oxygen purge gas flow rate of 60 mL/minute was used

to evaluate the samples’ oxidative stability, as recom-

mended by Elkashef et al. [19]. All samples were

heated to 800 �C at a constant ramp rate of 20 �C/
minute.

A TA DSC 2500 instrument was used to measure

the glass transition region of the unaged binder blends.

A small amount of sample (7–10 mg) was placed in an

aluminum Tzero pan and covered with a hermetic lid.

Samples were tested under nitrogen purge gas at a flow

rate of 20 mL/minute. The experimental procedure

involved equilibrating samples at 165 �C for 5 min

then cooling them to - 90 �C at a rate of 2 �C/minute.

After the cooling cycle, samples were heated again to

165 �C at a rate of 2 �C/ minute and with a ± 0.5 �C
modulated temperature for 80 s [17].

2.3 Microstructural and nanomechanical

characterization

AFM tests were performed using a Bruker Dimension

Icon AFM in the PFQNM mode [24]. Samples were

prepared by placing 70–100 mg of the binder blend on

a glass slide, which was then heated for 10 min at

160 �C in an oven. All samples were heated for the

same amount of time and at the same temperature to

ensure that any additional aging that could have been

induced as a result of oven heating was the same

among all samples. Prepared samples were covered

and kept at room temperature for 24 h to prevent dust

accumulation until testing. An RTESPA 150 tip was

used in the AFM tests. The tip’s radius was 8 nm, the

spring constant was 5 N/m, and the scanning area was

set to 15 9 15 lm. For each binder blend, two

samples were prepared and at least four locations

were scanned.

3 Results and discussion

The findings of the rheological, thermal, and micro-

scopic tests are presented in this section.

3.1 DSR results

Figure 2 represents master curves of the VB, RC and

rejuvenated binder blends after RTFO, 20-h and 40-h

PAV aging conditions. The addition of recycling

agents reduced the dynamic shear modulus demon-

strating a reduction in stiffness. These curves were

used to calculate the G-R parameter (Table 2) as

previous research has suggested that a G-R parameter

value of 180 kPa indicates the onset of cracking

whereas a value of 600 kPa indicates significant

cracking [35, 36]. The G-R parameter of the VB

exceeded 180 kPa after 40-h PAV, indicating the

possibility of onset cracking. The RC blend exhibited

a G-R parameter higher than 600 kPa after 20-h PAV

aging, signifying its increased brittleness as compared

to the VB. After the incorporation of recycling agents,

the G-R parameter decreased from that of the RC

blend, denoting a partial restoration of the rheological

properties. The G-R parameter of all rejuvenated

binder blends was less than 180 kPa after 40-h PAV

aging except for the blend rejuvenated with PO. In

terms of lowering the G-R parameter, VO and BO

recycling agents were the most effective.

3.2 TGA results

Figure 3 represents TGA results of weight loss versus

temperature and the derivative of weight loss versus

temperature (DTGA) for the various recycling agents.

All recycling agents did not exhibit weight loss up to

165 �C which indicates the absence of significant

physiochemical reactions below this temperature. At

approximately 170 �C, initial decomposition of the

recycling agents started taking place (onset
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temperature). Bio-based recycling agents (VO, BO,

and TO) showed two distinct regions of weight loss at

200–350 �C and 400–500 �C. The first peak repre-

sents weight loss due to the combustion of the

material, and the second peak represents the burning

of the remaining residue [19, 37]. Petroleum-based

recycling agents (AE and PO) showed only one sharp

peak at approximately 300 �C. The sharpness of these
peaks reflects the homogeneity of the samples. A

summary of TGA results including onset temperature,

peak temperature, and percent residue at 450 �C for all

recycling agents is provided in Table 3. Petroleum-

based recycling agents had a higher rate of decompo-

sition as compared to the bio-based products. Based on

the percent residue at 450 �C, VO and BO recycling

agents exhibited the highest oxidative stability fol-

lowed by TO, AE, and PO, respectively.

TGA experiments were also conducted for the VB,

RC blend, and rejuvenated binder blends. Figure 4

represents TGA and DTGA curves of the binder

blends. The DTGA curve of the VB exhibited distinct

peaks at 320 �C and 443 �C and a very sharp peak at

509 �C (Fig. 4a). The RC blend (Fig. 4b) showed

fewer sharp peaks and an additional fourth peak at

395 �C denoting the formation of a less homogeneous

material. The incorporation of recycling agents

increased the sharpness of the peaks to resemble that

Fig. 2 Master curves for the binder blends after a RTFO, b 20-h PAV and c 40-h PAV

Table 2 Rheological characterization of binder blends based

on G-R

Binder blend G-R parameter (kPa)

RTFO 20-h PAV 40-h PAV

VB 15.2 77.9 225.1

RC 265.1 1052.6 1741

Rej-VO 1.8 11.2 43.1

Rej-BO 1.49 12.5 42.6

Rej-TO 1.22 16.1 84.1

Rej-AE 2.68 22.2 54.5

Rej-PO 5.17 53.5 196.9
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of the VB (Fig. 4c–g). Moreover, VO (Fig. 4c) and

AE (Fig. 4f) recycling agents eliminated the addi-

tional peak at 395 �C that formed after adding the RAP

binder demonstrating the ability of the recycling

agents to improve homogeneity of the material. The

RC blend showed the lowest weight loss with
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Fig. 3 TGA and DTGA curves of the different recycling agents a VO, b BO, c TO, d AE and e PO

Table 3 TGA results of

recycling agents
Recycling agent Onset temperature (�C) Peak temperature (�C) Residue at 450 �C (%)

VO 179 338 15.8

BO 169 244 13.9

TO 169 243 11.7

AE 184 290 5.6

PO 202 288 3.3
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temperature compared to other blends. The use of

recycling agents lowered the oxidative stability of the

binder blends; however, all blends showed minimal

decomposition at production and mixing temperatures

(below 200 �C) signifying that rejuvenated binder

blends exhibited acceptable thermal performance.

3.3 MDSC results

MDSC tests were performed to assess the impact of

recycling agents on the glass transition region and to

assess the compatibility of the binder blends. Table 4

summarizes glass transition temperatures (Tg) of the

binder blends measured using the inflection method in

TRIOS software.

To understand the effect of recycling agents on the

glass transition region, it is important to first under-

stand the molecular structure of asphalt binders.

Asphalt binders are composed of many unique

molecular species that can be divided into polar and

non-polar compounds. Polar compounds have higher

Tg and contribute to the asphalt binder’s stiffness,

whereas non-polar compounds contribute to its vis-

cous behavior [23, 38]. The degree of compatibility

between the polar and non-polar molecules depends

on the assembly of the matrix and how well the polar

and non-polar molecules disperse in one another

[11, 23]. With aging, polar molecules tend to organize

themselves into their preferred orientation resulting in

the formation of intermolecular associations or struc-

tures. This occurs without a change in the molecular

composition itself. The polar molecular organization

affects the physical properties of asphalt binders. The

more organized the structure is, the stiffer the asphalt

binder becomes [39].

The RC blend showed the highest Tg, while the VB

exhibited the lowest (Table 4). Since RAP is an aged

material, it had a relatively higher number of polar

sites in the polar molecules. These polar sites formed

associations through polar-to-polar interactions which

increased the viscosity of the asphalt binder [40] and

resulted in higher Tg. The Tg was lowered by adding

recycling agents, indicating the ability of recycling

agents to mitigate the negative effects of RAP by

dispersing the polar associations and thus partially

restoring the thermal properties of the RC blend. PO

was the most capable of decreasing the Tg of the RC

blend followed by VO, BO, TO, and AE.

Figure 5 shows MDSC curves of reversing heat

capacity versus temperature for the different binder

blends. The derivative of reversible heat capacity

curves was also generated to evaluate the compatibil-

ity of the blends in the glass transition region (Fig. 5).

Curves were smoothed using the adjacent-average

method in OriginPro software to remove the noise

from data. Previous work suggested that compatible

blends should exhibit a curve that resembles a

Gaussian distribution with only one peak at the glass

transition region, while incompatible blends may

exhibit a curve with two or more peaks [38, 40]. All

binder blends exhibited only one peak at the glass

transition region indicating the compatibility of the

binder blends and the ability of recycling agents to

combine effectively with the recycled and virgin

binders without negatively affecting the homogeneity

of the material.

The derivative of reversible heat capacity versus

temperature curves were also used to measure the

breadth of the glass transition region (Table 4).

Previous research indicated that glass transition

broadens as the degree of oxidation increases [38].

bFig. 4 TGA and DTGA curves of the different binder blends

aVB, bRC, cRej-VO, dRej-BO, eRej-TO, fRej-AE and gRej-
PO

Table 4 MDSC results of

the binder blends
Binder blend Tg (�C) Breadth of glass transition Region (�C)

VB -70.0 41.31

RC -21.7 51.82

Rej-VO -27.8 38.92

Rej-BO -27.5 38.57

Rej-TO -26.5 40.27

Rej-AE -26.3 47.03

Rej-PO -41.4 49.62
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With aging, the concentration of the polar molecules

with high Tg increases while the surrounding contin-

uous phase with low Tg is reduced. Hence, when the

binder blend is heated, the crystallization process is

directed by the polar molecules which results in the

broadening of the glass transition region [38]. The RC

blend had the broadest glass transition region. The

incorporation of the various types of recycling agents

reduced the glass transition region. Rej-BO and Rej-

VO blends showed the narrowest peaks followed by

Rej-TO, Rej-AE, and Rej-PO blends. These results are

in an agreement with the rheology measurements. G-R

parameter results also showed that the Rej-PO binder

blend was the most prone to oxidation while Rej-BO

and Rej-VO binder blends were the least prone to

oxidation.

3.4 AFM results

Figures 6 shows the microstructures of the binder

blends in the unaged state. Two main phases can be

seen in the microstructures of binder blends: (i) phase

associations (also known as bee structures) and (ii) the

matrix. These two phases were reported by several

researchers previously with most of them interested in

the phase associations due to their unique features

which change with time, temperature, and aging states

[42, 43].

As shown in Fig. 7, phase associations are com-

posed of white and black regions. The white regions

signify high elevation (hills), while black regions

reflect low elevation (valleys). There is no consensus

in the literature regarding the composition of phase

associations. A few researchers attributed these asso-

ciations to the asphaltene domain [44–47], while

others attributed them to the wax content [42, 48–50].

Pauli et al. investigated the microstructure of asphalt

binders with different asphaltene and wax content and

reported that asphalt binders with the highest asphal-

tene content exhibited the largest amount of phase

associations even when the percent of wax in the

asphalt binder was low, implying that these associa-

tions are related to the asphaltene domain [44]. In

contrast, in a recent study by Pipintakos et al. in which

they investigated the microstructures of waxy and no-

waxy asphalt binders, it was found that phase associ-

ations were absent in asphalt binders with no waxes

signifying that waxes are responsible for the formation

of phase associations [49]. It was also found that in

waxy asphalt binders, phase associations became more

bFig. 5 MDSC curves of the different binder blends a VB, b RC,

c Rej-VO, d Rej-BO, e Rej-TO, f Rej-AE and g Rej-PO

Fig. 6 Microstructures of unaged binder blends a VB, b RC, c Rej-VO, d Rej-BO, e Rej-TO, f Rej-AE and g Rej-PO
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pronounced after short- and long-term aging. Based on

previous studies, it is possible to conclude that phase

associations can be a result of both the asphaltene

domain and the wax content. It is also possible to

conclude that these associations become more pro-

nounced with aging due to the increase in the polar

forces which changes the thermodynamic state and

configuration of the material. Previous research work

showed that monitoring changes in these associations

can help assess the effectiveness of a recycling agent;

some agents only soften the blend by lowering its

stiffness, while others restore the chemical properties

of the aged asphalt binder [23].

Figures 6 shows that at the unaged condition, the

inclusion of recycling agents decreased the percent of

phase associations resulting in more homogeneous

surfaces. PO, BO, and VO were the most capable of

reducing the phase associations. Figure 8 shows

surface morphology images of the binder blends

following 40-h PAV aging. These images show that

aging increased the number of phase associations. To

verify these observations, particle analysis was per-

formed using ImageJ/ Fiji software to calculate the

percent of area occupied by phase associations at the

various aging conditions and before and after the

addition of the recycling agents (Fig. 9) [24, 51]. To

perform particle analysis, first the trainable Weka

segmentation (TWS) plugin was used to partition the

image into two classes (phase associations and

matrix). Once the image was segmented, an automatic

threshold was applied to differentiate between the two

phases and to avoid potential user-bias with manual

thresholds. Phase associations were counted consid-

ering particle sizes of 0.1 um2 or above. As shown in

Fig. 9, the ability of recycling agents to reduce the

percent of phase associations varied with aging. For

example, TO was effective at the unaged state, while

after 40-h PAV aging, its effectiveness was signifi-

cantly reduced. This agrees with rheology measure-

ments; the G-R parameter also revealed that TO was

highly prone to aging (Table 2).

Parallel trends can be found between MDSC and

AFM results. AFM images showed that the number of

phase associations increased after the RAP binder was

added (Figs. 6 and 8), which caused a rise in Tg. The

inclusion of recycling agents improved the dispersion

of the polar molecules and reduced the number of

these associations, resulting in a reduction in Tg.

In addition to surface morphology images, PFQNM

mode was also used to measure the Young’s modulus

(E*) of the binder blends based on the Derjaguin-

Muller-Toporov (DMT) model. The DMT model

calculates the modulus based on the adhesion between

the tip and the sample’s surface according to Eq. 2.

Ftip ¼
4

3
E�

ffiffiffiffiffiffiffiffi

Rd3
p

þ Fadh ð2Þ

where Ftip represents the force on the tip, R represents

the tip end radius, d represents tip-sample separation

and Fadh represents the adhesion force.

Table 5 summarizes the average DMT modulus

values of the binder blends over the four scanned

areas. Normal distribution curves of DMT modulus

were also created for the RC and rejuvenated binder

blends at the four aging states as exhibited in Fig. 10.

The x-axis represents the DMT modulus data values

subtracted from the mean (X-l) while the y-axis

represents the probability density.

In comparison to the VB and rejuvenated binder

blends, the RC blend had the highest DMT modulus

values and the broadest range. The inclusion of

recycling agents reduced the DMT modulus and

Fig. 7 Different Phases observed in binder blends’ microstructures
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resulted in narrower distributions. The DMT modulus

of the Rej-PO blend was the lowest under all aging

states. Rej-VO and Rej-BO blends showed lower

modulus as compared to Rej-AE and Rej-TO blends

after aging. With aging, the distribution of the RC

blend and the rejuvenated binder blends broadened,

indicating the formation of stiffer and less homoge-

nous materials.

Fig. 8 Microstructures of binder blends after 40-h PAV aging a VB, b RC, c Rej-VO, d Rej-BO, e Rej-TO, f Rej-AE and g Rej-PO

Unaged RTFO 20-hours PAV 40-hours PAV
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Fig. 9 Quantification of

microstructures of the

binder blends at the various

aging conditions
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Table 5 DMT modulus of

the binder blends
Binder blend DMT modulus (MPa)

Unaged RTFO 20-h PAV 40-h PAV

VB 1131 ± 16 1306 ± 20 1485 ± 24 1661 ± 26

RC 1443 ± 136 1597 ± 184 1982 ± 111 2610 ± 149

Rej-VO 717 ± 66 950 ± 93 1343 ± 183 1573 ± 106

Rej-BO 711 ± 47 871 ± 48 1208 ± 145 1579 ± 132

Rej-TO 614 ± 27 1040 ± 47 1397 ± 106 1715 ± 115

Rej-AE 570 ± 7 813 ± 63 1298 ± 64 1528 ± 147

Rej-PO 524 ± 32 612 ± 37 663 ± 16 808 ± 116
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Fig. 10 Normal distribution of DMT modulus at the various aging states a unaged, b RTFO, c 20-h PAV and d 40-h PAV
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4 Conclusions

The influence of several types of bio-based and

petroleum-based recycling agents on the characteris-

tics of asphalt binder blends with 50% RAP content

was investigated using DSR, TGA, MDSC, and AFM

testing. DSR results signified the ability of recycling

agents to reduce the stiffness and brittleness of the

recycled control blend. The recycled control blend

exceeded the G-R cracking thresholds at all aging

states, indicating its excessive brittleness. Except for

the paraffinic oil based blend (Rej-PO), the G-R

parameter of rejuvenated binder blends was lower than

the cracking threshold, indicating an improvement in

ductility. MDSC results provided information on glass

transition temperature (Tg) and compatibility of the

various binder blends. All binder blends exhibited one

peak at the glass transition region which indicated the

compatibility of all blends. This signified that all

recycling agents used in this study did not negatively

affect the compatibility or the homogeneity of the

recycled control blend. The derivative of reversible

heat capacity versus temperature curves indicated that

the breadth of the glass transition region broadened

with the incorporation of RAP and narrowed after the

inclusion of the recycling agents. The broadening of

the glass transition region is an indication of the

formation of more polar molecular associations with

high Tg. After recycling agents were added, this

phenomenon was partially reversed as indicated by the

reduction in the breadth of the glass transition region.

Binder blends prepared with bio-oil (BO) and veg-

etable oil (VO) recycling agents exhibited the nar-

rowest glass transition region followed by those

prepared with aromatic extract (AE), tall oil (TO),

and Paraffinic oil (PO), respectively. MDSC scans also

showed that Tg was reduced with the incorporation of

recycling agents, indicating the formation of a less

brittle and more desirable material.

AFM images showed the presence of phase asso-

ciations in the microstructures of the binder blends.

The inclusion of recycling agents reduced the number

of phase associations resulting in the formation of a

more homogeneous surface. Generally, PO, BO, and

VO recycling agents showed the greatest ability to

reduce the percent of area occupied by these associ-

ations followed by AE and TO recycling agents. These

phase associations have been linked to both the wax

content and the polar component of the binder blends.

After the inclusion of the RAP binder, the percent of

phase associations increased which resulted in higher

DMT modulus values. However, after incorporating

recycling agents, the percent of phase associations

decreased and thus the DMT modulus was also

reduced.

Parallel trends were found between microstructural,

nanomechanical, thermal, and rheological properties.

Generally, binder blends that exhibited many phase

associations had broader glass transition region,

higher DMT modulus, and higher G-R parameter

values.

In conclusion, an effective recycling agent should

be capable of reducing the brittleness and stiffness of

the binder blend without negatively affecting its

compatibility. Traditional rheological tools can be

used to assess the ability of recycling agents to reduce

the stiffness and brittleness of a binder blend. How-

ever, these tools cannot be used to assess if a recycling

agent can reverse the physiochemical properties of an

aged asphalt binder. With the use of advanced thermal

and microscopic tools, it is possible to examine the

compatibility of rejuvenated binder blends and help

understanding the mechanisms of recycling agents.
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